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Abstract 
We have shown previously that induction of HSP70 synthesis in murine FM3A and its mutant s85 cells by heat shock is somehow 
modulated by culture temperature. In this study, we further examined activation of heat shock transcription factor (HSF) and induction 
kinetics of HSP70 synthesis and HSP70 mRNA in FM3A and ts85 cells maintained at 37°C (37°C-cells) and 33°C (33°C-cells). Upon 
exposure to heat shock, HSF was activated to a high level in 37°C-FM3A cells, whereas HSF was activated only to a low level in the 
33°C-cells. The induction of HSP70 mRNA and HSP70 synthesis occurred successively in the 37°C-cells but not in the 33°C-cells. On the 
other hand, in both 37 and 33°C-ts85 cells, activation of HSF, induction of HSP70 mRNA, and HSP70 synthesis occurred successively. 
Characteristically, protein s2~nthesis in both 33°C-FM3A and ts85 cells was significantly lower than in the respective 37°C-cells, but 
constitutive HSP73 levels were similar among both the 37 and 33°C-cells. Furthermore, inhibition of protein synthesis of FM3A cells did 
not influence the activation of HSF, but accelerated inactivation of the activated HSF. We discuss the possible inhibition mechanisms of
activation of HSF in 33°C-FM3A cells, regarding the function of HSP70 in both protein synthesis and repression of HSF. 
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I. Introduction 
Exposure of cells to heat shock or other environmental 
stresses induces a variety of physiological reactions known 
collectively as the stress response [1-4]. This response is 
characterized by the induction of a set of proteins called 
stress proteins or heat shock proteins (HSPs). In addition 
to their greatly enhanced synthesis upon various stresses, 
many HSPs or their cognate proteins (HSC proteins) are 
expressed constitutively under physiological conditions. 
Studies of various species of HSPs revealed a chaperone- 
like involvement in the binding of other partially unfolded 
proteins, to prevent aggregation, to facilitate protein disas- 
sembly, and to assist in the translocation of polypeptides 
across membranes [2,3]. By interacting with denatured 
proteins presumed to arise as a result of stress, HSPs seem 
to prevent irreversible protein aggregation [4-6]. These 
findings suggest a possible link between the recognition of 
Abbreviations: HSP, heat-shock protein; HSF, heat shock transcrip- 
tion factor; HSE, heat-shock element; CHX, cyclohexamide. 
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denatured protein and induction of the stress response. In 
fact, overexpression f HSP70 results in the suppression of 
expression of other HSPs, and conversely reduced expres- 
sion of HSP70 results in the overexpression of other HSPs 
[7-10]. From these observations, production of HSP70 was 
proposed to be autoregulated and to negatively regulate the 
stress response [ 11,12]. 
The murine ts85 cell line is a mutant derived from 
FM3A cells, with a temperature-sensitive ubiquitin-activat- 
ing enzyme [13]. When ts85 cells are incubated above the 
nonpermissive temperature of 39°C, the cells are arrested 
mainly at the G2 phase and partially at the S phase, and 
are also defective in H1 histone phosphorylation, histone 
H2A ubiquitination, DNA synthesis and chromosome con- 
densation [14,15]. Since the cells fail to degrade otherwise 
short-lived intracellular proteins above nonpermissive t m- 
perature of 39°C, the cells can induce the synthesis of 
HSP70 under conditions of mild heat shock, at which 
parental FM3A cells cannot synthesize HSP70 [13,16]. 
Recently, we found that the heat shock response of murine 
FM3A cells grown at 33°C (33°C-cells), at which tempera- 
ture ts85 cells are usually cultivated, was quite different 
from that of FM3A cells maintained at 37°C (37°C-cells) 
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[17,18]. Upon exposure to heat shock, 37°C-FM3A cells 
synthesize HSP70, whereas the 33°C-cells do not synthe- 
size HSP70 and are more sensitive to subsequent heat 
shock than the 37°C-cells. Furthermore, in ts85 cells the 
induction of HSP70 synthesis also seems to be modulated 
by culture temperature [19]. 
In mammalian cells, the transcriptional activation of 
heat shock protein genes represents a rapid response to 
environmental nd physiological stress which is mediated 
by the conversion of a pre-existing heat shock transcription 
factor (HSF) from an inactive to an active form [20,21]. In 
unstressed cells, HSF is present in both the cytoplasm and 
nucleus as a monomer which has no DNA binding activity. 
In response to stress, however, HSF assembles into a 
trimer and is accumulated in the nucleus [22-24]. The 
activated HSF binds to the heat shock element (HSE) 
located in the 5'-flanking region of heat shock genes, and 
stimulates their transcription. 
In this study, we further examined activation of HSF 
and induction kinetics of HSP70 synthesis and HSP70 
mRNA in both FM3A and ts85 cells maintained at the two 
culture temperatures of 33 and 37°C, and found that the 
lack of induction of HSP70 synthesis in 33°C-FM3A was 
due to low activation of HSF. In mutant s85 cells, how- 
ever, the activation of HSF by heat shock was little 
modulated by culture temperature. We discuss here the 
possible role of 'free' HSP73 in the inhibition of HSF- 
activation in 33°C-FM3A cells. 
incorporated into proteins was assayed by the count pre- 
cipitated with hot trichloroacetic acid. Protein concentra- 
tion was assayed by the dye-binding method [25]. 
The protein samples were then electrophoresed on SDS- 
10% polyacrylamide slab gels [26]. The gels were stained 
with Coomassie brilliant blue R, and dried. The dried gels 
containing labeled proteins were then subjected to auto- 
radiography at -80°C. The radioactivity incorporated into 
a given protein band was analyzed by densitometric analy- 
sis using a Toyobo V1 image analyzer. 
2.3. RNA isolation and Northern blotting analysis 
Total RNA was isolated from cells as described by 
Chomczynski and Sacchi [27]. The RNA samples (5 /~g) 
were then separated by formaldehyde-1% agarose gel elec- 
trophoresis, and transferred onto nylon membranes. The 
blots were hybridized with a HSP70 DNA probe, a full- 
length human HSP70 genomic DNA (pH 2.3 plasmid, a 
gift from Dr. R. I. Morimoto, Northwestern University) 
[28], which was prelabeled with [32p]dCTP (3000 
Ci/mmol; New England Nuclear) using a multiprime la- 
beling kit (New England Nuclear). The blots were then 
washed and subjected to autoradiography at -80°C. The 
blots were finally stripped and rehybridized with a human 
/3-actin cDNA probe [29] (Wako Chemicals). 
2.4. Western blotting and immunological detection 
2. Materials and methods 
2.1. Cell culture and heat treatments 
Murine FM3A and ts85 cells were supplied by Japan 
Cancer Research Resource Bank. FM3A and ts85 cells 
were grown in suspension in Eagle's minimal essential 
medium and RPMI1640 medium, respectively, supple- 
mented with 10% calf serum in a CO 2 incubator set at 37 
or 33°C. These cells were maintained at 37 or 33°C for at 
least 1 month before use in experiments. For heat treat- 
ment, exponentially growing cells (5 × 105/35-mm dish) 
were heated in a water bath set at 39, 42, or 45°C for 15 
min, and postincubated at the respective culture tempera- 
tures. 
2.2. Radioisotopic labeling of cells and SDS-PAGE analy- 
sis 
Cells were incubated in methionine-deficient Eagle's 
minimal essential medium supplemented with 10% calf 
serum and 20/xCi /ml  [35S]protein labeling mix (a 77:18% 
mixture of [35S]methionine:[35S]cysteine, 1000 Ci/mmol; 
New England Nuclear) [19]. After labeling, the cells were 
washed twice with cold phosphate-buffered saline, solubi- 
lized in 0.1% SDS, and boiled for 2 min. The radioactivity 
Protein samples were electrophoresed on SDS-10% 
polyacrylamide slab gels, and then electroblotted onto 
nitrocellulose membranes [18]. The membranes were re- 
acted with rabbit anti-murine HSP105 serum diluted 200- 
fold [30,31] or with rabbit anti-murine HSP70 serum di- 
luted 200-fold [32], and subsequently visualized by the 
immunoperoxidase method (Vectastatin ABC kit). The 
density of staining was quantified with a Toyobo image 
analyzer. 
2.5. Gel mobility shift assay 
Whole cell extracts were prepared from FM3A and ts85 
cells by lysing the cells with an extraction buffer com- 
posed of 20 mM N-2-hydroxyethylpiperazine-N'-2-ethane- 
sulfonic acid (pH 7.9), 1.5 mM MgC! 2, 0.2 mM EDTA, 
0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithio- 
threitol, 0.42 M NaC1 and 25% (v /v)  glycerol [21]. The 
probe used for the detection of the DNA-binding activity 
of HSF was a double-stranded HSE oligonucleotide, n- 
coding nucleotides -115  to -81  of the human HSP70 
gene [28]. The DNA-binding reaction mixture contained, 
in a final volume of 25 ~1, 10 tzg of cell extracts, 0.1 ng 
of [32 P]HSE oligonucleotide and 0.5 /xg of poly(dI-dC) in 
a buffer composed of 10 mM Tris-HCl (pH 7.8), 50 mM 
NaCI, 1 mM EDTA, 0.5 mM dithiothreitol and 5% (v /v)  
glycerol. For the competition experiments, cold HSE was 
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Fig. l. Activation of HSF in FM3A cells maintained at two culture temperatures. (A) A gel mobility shift assay was performed using [32p]HSE and cell 
extracts from control cells or cells postincubated at the respective culture temperatures for 0, 1, 3, 6, or 12 h after heat shock at 42, or 44°C for 15 min. 
Standard reaction mixture, or reaction mixture containing excess cold HSE was used. Only the gel regions representing the specific interactions with HSE 
and activated HSF (arrowheads) are shown. (B) Activated HSF levels of cells after heat shock at 42 (a) or 45°C (b) were quantified by densitometry, and 
the HSF levels are shown as a fraction of that of 37°C-cells postincubated for 1 h after heat shock at 45°C for 15 min. Each value is the mean + S.E. of at 
least three experiments. 37°C-ce]ils: ©, O; 33°C-cells: A, • ; heat-shocked cells: O, A ; non-stressed cells: 0 ,  • .  
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Fig. 2. Northern blot analysis of HSP70 mRNA of FM3A cells maintained at two culture temperatures. (A) FM3A cells maintained at 37 or 33°C were 
heated at 42 or 45°(] for 15 min, and then postincubated for 0, 1, 3, 6, or 12 h. Samples of total RNA (5 /zg) isolated from the cells were separated by 
agarose gel electrophoresis, transferred onto nylon membranes, and the blots were hybridized with HSP70 DNA probe or /3-actin cDNA probe. (B) 
mRNAs of HSP70 (a, d), HSP73 (b, e), and actin (c, f) were quantified by densitometry. The HSP70/HSP73 mRNA levels or /3-actin mRNA level are 
shown as a fraction of HSP73 mRNA or /3-actin mRNA, respectively, in non-stressed 37°C-cells. Each value is the mean -I- S.E. of at least three 
experiments. 37°C-cells: O, O; 33°C-cells: ~., • ; heat-shocked cells: ©, A ; non-stressed cells: O, • .  
246 T. Hatavama T. Masaoka / Biochimica et Biophysica Acta 1269 (1995) 243-252 
added to the reaction mixture in a 100-fold molar excess to 
the labeled HSE. The mixture was incubated at 25°C for 
20 min, and then electrophoresed on native 4% polyacryl- 
amide gels for 2 h. The gels were dried and subjected to 
autoradiography at - 80°C 
3. Resu l ts  
3.1. Different induction of HSP70 in FM3A cells main- 
tained at the two culture temperatures 
To analyze the effect of low culture temperature on 
HSP70-induction, we first analyzed the activation of HSF 
in 37 and 33°C-FM3A cells. Fig. 1 shows the results of gel 
mobility shift assay using 32p-labeled HSE oligonucleo- 
tide, and the specific interactions between HSE and acti- 
vated HSF, which was specifically inhibited by unlabeled 
excess HSE, are shown by arrowheads. The interaction 
was not inhibited by other oligonucleotides such as XRE 
(data not shown). Without heat shock, activation of HSF 
was not observed in the 37 or 33°C-cells. Following heat 
shock at 42°C for 15 min, however, HSF in these cells 
maintained at both temperatures was activated immedi- 
ately, and diminished to control level after 1 or 3 h. By 
heat shock at 45°C for 15 min, HSF in the 37°C-cells 
showed immediate marked activation, which level contin- 
ued for 6 h, diminishing thereafter. On the other hand, 
HSF in the 33°C-cells was activated at a low level and 
remained low for 12 h. 
We next analyzed HSP70 mRNA level in FM3A cells 
by Northern blot analysis (Fig. 2). Following heat shock at 
42°C for 15 min, HSP70 mRNA did not increase in either 
37 or 33°C-cells. However, by heat shock at 45°C for 15 
rain, HSP70 mRNA level in the 37°C-cells increased from 
3 h, reached a maximum at 6 h, and diminished thereafter. 
On the other hand, HSP70 mRNA level in the 33°C-cells 
began to increase a little from 6 to 12 h after heat shock. 
HSP73 mRNA did not significantly increase following this 
treatment in the 37 or 33°C-cells. Actin mRNA also showed 
no significant changes in the cells maintained at either 
temperature. 
We then analyzed the synthesis of HSP70 by labeling of 
cells with [35S]labeling mix for 1 h. The labeled proteins 
were separated by SDS-PAGE and autoradiographed, and 
syntheses of HSP70, HSP73, and actin were quantified by 
densitometric analysis of the respective bands (Fig. 3). 
Heat shock at 42°C for 15 min did not induce the synthesis 
of HSP70 in either the 37 or 33°C-cells. However, follow- 
ing heat shock at 45°C for 15 min, marked synthesis of 
HSP70 was observed from 3 to 6 h in the 37°C-cells, 
whereas no such response occurred in the 33°C-cells at 
least by 12 h. The syntheses of HSP73 and actin were 
severely inhibited immediately after heat shock in cells 
maintained at both temperatures, but returned to the same 
synthetic levels of non-stressed cells after 6 h. 
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Fig. 3. Induction of HSP70 synthesis inFM3A cells maintained at two culture temperatures. (A) FM3A cells maintained at 37 or 33°C were heated at 42 or 
45°C for 15 min, then postincubated for 0, 2, 5, or 11 h, and further incubated inthe presence of[35S]protein labeling mix for 1 h. The labeled proteins (10 
#g) were separated by SDS-PAGE, and autoradiographed. (B) Synthesis of HSP70 (a, d), HSP73 (b, e), and actin (c, f) was determined bydensitometry. 
The synthesis ofHSPT0/HSP73 or actin is shown as a fraction of the rate of HSP73 or actin synthesis, respectively, in non-stressed 37°C-cells. Each value 
is the mean of two experiments. 37°C-cells: O, O; 33°C-cells: z~, • ; heat-shocked cells: O, zx ; non-stressed cells: O, A. 
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Fig. 4. Activation of HSF in ts85 cells maintained at two culture temperatures. (A) A gel mobility shift assay was performed using [32 P]HSE and cell 
extracts from control cells or cells postincubated for 0, 1, 3, 6, or 12 h after heat shock at 39, 42, or 44°C for 15 min, as shown in Fig. 1. Arrowheads 
represent the specific interactions with HSE and activated HSF. (B) Activated HSF levels of cells after heat shock at 39 (a), 42 (b) or 45°C (c) were 
quantified by densitometry, and the HSF levels are shown as a fraction of that of 37°C-cells postincubated for 1 h after heat shock at 42°C for 15 min. Each 
value is the mean ___ S.E. of at least three experiments. 37°C-cells: O,  O; 33°C-cells: z~, • ; heat-shocked cells: O,  z~ ; non-stressed cells: O, • .  
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Fig. 5. Northern blot analysis of HSP70 mRNA of ts85 cells maintained at two culture temperatures. (A) ts85 cells maintained at 37 or 33°C were heated at 
39, 42 or 45°C for 15 min, and then postincubated for 0, 1, 3, 6, or 12 h. Northern blot analysis was performed using HSP70 DNA or/3-actin cDNA probe, 
as shown in Fig. 2. (B) mRNAs of HSP70 (a, d, g), HSP73 (b, e, h) and actin (c, f, i) were quantified by densitometry. The HSP70/HSP73 mRNA levels 
or fl-actin mRNA level are shown as a fraction of HSP73 mRNA or /3-actin mRNA, respectively, in non-stressed 37°C-cells. Each value is the 
mean 4- S.E. of at least three experiments. 37°C-cells: O,  O; 33°C-cells: z~, • ; heat-shocked cells: O,  ~ ; non-stressed cells: O, A. 
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From these results, it became apparent that upon expo- 
sure to heat shock at 42°C for 15 rain, although HSF was 
activated transiently, the induction of HSP70 mRNA and 
HSP70 synthesis did not occur in either 37 or 33°C-FM3A 
cells. Upon exposure to heat shock at 45°C for 15 min, 
HSF was activated to a high level in the 37°C-cells, and 
marked induction of HSP70 mRNA and HSP70 synthesis 
was also observed. On the other hand, in the 33°C-cells 
HSF was activated only to a low level, then HSP70 mRNA 
increased only a little from 6 to 12 h, and HSP70 synthesis 
did not occur at least by 12 h. 
3.2. Induction o f  l iSP70 in ts85 cells maintained at the two 
culture temperatures 
To compare with the effect of low culture temperature 
on HSP70 induction in FM3A cells, we further examined 
whether the heat shock response of ts85 cells was also 
influenced by culture temperature. Fig. 4 shows the activa- 
tion of HSF in ts85 cells. Under non-stressed conditions, a
little activated HSF was found in the 37°C-cells, but not in 
the 33°C-ceils. Following heat shock at 39°C for 15 min, 
HSF was not activated further in cells maintained at either 
temperature. Heat shock at 42°C for 15 min, however, 
induced marked activation of HSF in cells maintained at 
both temperatures, showing maximum activation at 1 h and 
then diminished thereafter. By heat shock at 45°C for 15 
min, HSF in these cells was activated to relatively high 
levels for 12 h, compared to the respective control levels. 
Fig. 5 shows HSP70 mRNA levels in ts85 cells ana- 
lyzed by Northern blot analysis. HSP70 mRNA level did 
not increase in either 37 or 33°C-cells following heat 
shock at 39°C for 15 min, while heat shock at 42°C for 15 
min increased HSP70 mRNA level from 1 h after treat- 
ment, continued at a high level for 6 h, and then dimin- 
ished gradually. Following heat shock at 45°C for 15 min, 
HSP70 mRNA level started to increase from 3 h, and 
continued to increase until at least 12 h in cells maintained 
at both temperatures. HSP73 mRNA and actin mRNA 
levels did not change significantly in these cells. 
Fig. 6 shows the synthesis of HSP70 in ts85 cells. 
Following heat shock at 39°C for 15 min, no synthesis of 
HSP70 was observed in the 37 or 33°C-cells. However, the 
synthesis of HSP70 increased from 1 h after heat shock at 
42°C for 15 min, reaching a maximum at 3 h, and then 
decreased thereafter in both 33 and 37°C-cells. Heat shock 
at 45°C for 15 min increased synthesis of HSP70 markedly 
from 3 h in the 37°C-cells and from 12 h in the 33°C-cells. 
The syntheses of HSP73 and actin were severely inhibited 
immediately after heat shock at 45°C for 15 min, but 
returned to control levels by 12 h in these cells. 
Thus, in both 37 and 33°C-ts85 cells, upon exposure to 
heat shock at 42 or 45°C for 15 min, HSF was activated to 
relatively high levels, and then HSP70 mRNA levels and 
HSP70 synthesis increased significantly. By heat shock at 
39°C for 15 min, HSF was not further activated in these 
cells. 
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Fig. 6. Induction of HSP70 synthesis ints85 cells maintained attwo culture temperatures. (A) ts85 cells maintained at37 or 33°C were heated at 39, 42 or 
45°C for 15 min, then postincubated for 0, 2, 5, or 11 h. and further incubated inthe presence of[35S]protein labeling mix for 1 h. The labeled proteins (10 
/~g) were separated by SDS-PAGE, and autoradiographed. (B) Syntheses of HSP70 (a, d, g), HSP73 (b, e, h), and actin (c, f, i) were determined by 
densitometry.  The synthesis of HSP70/HSP73 or actin is shown as a fraction of the rate of HSP73 or actin synthesis, respectively, in non-stressed 
37°C-cells. Each value is the mean + S.E. of at least hree xperiments. 37°C-cells: O, O; 33°C-cells: A, • ; heat-shocked cells: ©, zx ; non-stressed 
cells: O, • .  
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Table 1 
Some characteristics of FM3A and ts85 cells maintained at two culture temperatures 
249 
FM3A cells ts85 cells 
37°C-cells 33°C-cells 37°C-cells 33°C-cells 
Doubling time (h) 13 19 13 20 
Cellular protein 
/xg/7.5 × 105 cells 469 + 52 417 -I- 39 405 -I- 14 382 + 27 
(Ratio) (1.0) (0.89) (l.0) (0.94) 
Protein synthesis " 
cpm//zg protein 66 000 _ 4600 35 600 + 3200 41 800 -t- 2300 27 200 + 14130 
(Ratio) (1.0) (0.54) (1.0) (0.65) 
Cellular level b 
HSP73 (ratio) (1.0) (0.92) ( 1.0) ( 1.02) 
HSPI05A (ratio) (1.0) (0.55) (1.0) (0.35) 
HSP 105B (ratio) ( 1.0) (0.54) ( 1.0) (0.40) 
" Protein synthesis was estimated by the hot trichloroacetic acid-precipitable radioactivity per /xg cell proteins, after labeling cells with [35S]protein 
labeling mix for 1 h. 
b Immunoblot analysis was performed with 2 or 20 /xg of cellular proteins from FM3A or ts85 cells maintained at 37 or 33°C using anti-HSP70 or 
anti-HSP105 serum, respectively. HSP73, HSP105A and HSPI05B levels were quantified by densitometry. 
3.3. Characterization of FM3A and ts85 cells maintained 
at the two culture temperatures 
During the course of our experiments, we noticed that 
protein synthetic ability ot' 33°C-FM3A and ts85 cells was 
lower than those of respective 37°C-cells. As shown in 
Table 1, protein syntheses of 33°C-FM3A and ts85 cells 
were one-half and two-thirds of those of the respective 
37°C-cells, although cellular protein contents of these cells 
maintained at the two culture temperatures were similar. 
These findings seemed reasonable, because doubling times 
of these 33°C-cells were longer than those of the respec- 
tive cells maintained at 37°C. Since HSP70 family proteins 
appear to be essential for protein synthesis, we next ana- 
lyzed the contents of HSP70 family in these cells. By 
immunobot analysis, a constitutive HSP73, but not an 
inducible HSP70, was found in non-stressed FM3A and 
ts85 cells (data not shown). Quantification of HSP73 con- 
tents in these cells revealed that HSP73 levels were not 
significantly different between the respective 37 and 
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Fig. 7. Effect of CHX on the activation of HSF. (A) CHX was added to the culture medium of 37°C-FM3A cells to a final concentration of 0.05 or 5 
/zg/ml. After 2 h, the cells were heat-shocked at 45°C for 15 min, and then postincubated for 0, 1, 3, 6, or 12 h in the presence of CHX. The activation of 
HSF was assayed by gel mobiliql shift assay, as shown in Fig. 1. Arrowheads represent the specific interaction with HSE and activated HSF. (B) Activated 
HSF levels were quantified by densitometry, and the HSF levels are shown as a fraction of that of control ceils postincubated for 1 h after the heat shock. 
Each value is the mean S.E. of at least three experiments. CHX (/xg/ml): 0, © ; 0.05, zx ; 5, [3. 
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33°C-cells (Table 1). On the other hand, the levels of 
high-molecular-mass heat shock proteins (HSPI05A and 
HSPI05B) of 33°C-FM3A and ts85 cells were both ap- 
proximately half of those of the respective 37°C-cells, as 
has been shown previously [18,19]. Thus, HSP73 was 
found to be one of the cellular proteins, the level of which 
was not changed by culture temperature, in contrast o 
cellular proteins uch as HSP105. 
3.4. Effect of  inhibition of  protein synthesis on the actiua- 
tion of  HSF 
Treatment of 37°C-FM3A cells with 0.05 and 5 ~g/ml  
of cycloheximide (CHX) for 2 h inhibited protein synthesis 
by 55 and 95%, respectively. In control cells, just after 
heat shock at 45°C for 15 min, HSF was highly activated, 
remained elevated for 6 h, and gradually diminished by 12 
h, as shown in Fig. 7. When the cells treated with CHX 
were heat-shocked, HSF was activated to the same level as 
in control cells, but was, however, depressed more rapidly. 
Six h after heat shock, the activated HSF was inactivated 
to 40 and 0%, in the cells treated with 0.05 and 5 ~g/ml  
CHX, respectively. Thus, it was revealed that inactivation 
of the activated HSF was accelerated by inhibition of 
protein synthesis of the cells, although the activation of 
HSF was not affected. 
4. Discussion 
We have shown previously that induction of HSP70 
synthesis and HSP70 mRNA in FM3A cells by heat shock 
are modulated by culture temperature [17,18]. In this study, 
we further examined the activation of HSF, and induction 
of HSP70 mRNA and HSP70 synthesis in both FM3A and 
ts85 cells, and found that upon exposure to heat shock 
these events occurred successively in 37°C-FM3A cells, 
whereas only a little activation of HSF was observed in the 
33°C-cells. In contrast, the activation of HSF, induction of 
HSP70 mRNA and HSP70 synthesis were observed suc- 
cessively in both 37 and 33°C-ts85 cells. When 33°C-FM3A 
cells were treated under more severe conditions uch as 
heat shock at 39 or 42°C for 1 h, HSF in the 33°C-cells 
was activated significantly (data not shown), suggesting 
that HSF was not significantly decreased in the 33°C-cells. 
Thus, it seemed to be more difficult to activate HSF in the 
33°C-cells than in the 37°C-cells under the same heat 
shock conditions. 
Much evidence suggests that heat shock gene expres- 
sion is autoregulated [7-10] and that among several heat 
shock proteins HSP70 family protein itself negatively reg- 
ulates the stress response [33-36]. The hypothesis that the 
concentration f free form of HSP70 family proteins in the 
cells modulates the activation of HSF has been proposed 
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[12,37]. The association of HSP70 (HSP73) and HSF 
inhibits the activation of HSF, and increases in levels of 
denatured proteins decrea:~e the amount of the free form of 
HSP70 (HSP73) which is normally sufficiently high to 
prevent activation of HSF, resulting in the activation of 
HSF. Recently, it became apparent hat HSP70 family 
proteins play important roles in maturation of nascent 
polypeptides [38]. Since inhibition of protein synthesis 
increases the threshold level of stress required for HSF 
activation, the level of free form of HSP70 (HSP73) 
seemed to be increased by decreases in level of protein 
synthesis [35,39]. Here, we showed that HSP73 content of 
33°C-ceils was similar to that of 37°C-cells, but protein 
synthesis of 33°C-cells was significantly lower than that of 
37°C-cells. Thus, in 33°C-cells, the free form of HSP73 
level may be present at much higher levels than in the 
37°C-cells. From these findings, we suggest a speculative 
model, shown in Fig. 8, for the mechanisms of inhibition 
of HSP70 induction in FM3A cells maintained at low 
culture temperature. A cognate HSP73 (closed squares) 
exists at the same levels (five closed squares) in the 
respective 37 and 33°C-cells, and HSP73 is assumed to be 
present as the free form, or bound to nascent polypeptides 
and inactive HSF. When FM3A cells are heat-shocked, the 
free HSP73 binds to the denatured proteins to prevent 
aggregate formation or to repair the denatured proteins 
[33,40]. The depletion of free HSP73 enhances the activa- 
tion of HSF in 37°C-FM3A cells. However, as free HSP73 
is present at higher level~; in 33°C-FM3A cells than in the 
respective 37°C-cells, the.. same degree of heat shock can- 
not activate HSF in the 33°C-cells. 
Since ts85 cells have a temperature-sensitive ubiquitin- 
activating enzyme [ 13], the cells cannot degrade short-lived 
intracellular proteins by ubiquitin-dependent degradation 
pathway above 39°C, resulting in the accumulation of 
aberrant, abnormal cellular proteins. Here, we showed that 
HSP73 contents were similar in both 37 and 33°C-ts85 
cells but protein synthesis of the 33°C-cells was lower than 
that of the 37°C-cells. Thus, under non-stressed conditions, 
there seemed to be more free HSP73 in 33°C-ts85 cells 
than in the 37°C-cells. When these ts85 cells are heat- 
shocked, the free HSP73 binds to denatured proteins. 
Furthermore, since ts85 cells accumulate abnormal pro- 
teins under heat shock conditions, the excess free HSP73 
in the 33°C-cells binds to the abnormal proteins (Fig. 8). 
Therefore, the depletion of free HSP73 may result in the 
activation of HSF and induction of HSP70 mRNA and 
HSP70 synthesis in 33°C-ts85 cells, as seen in 37°C-ts85 
cells. 
Alternating the temperature atwhich cells are incubated 
prior to heat shock modulates the heat shock response to a 
given heat shock temperature. When human HeLa cells are 
kept at 35°C for several days, the activation of HSF by 
heat shock at 42°C is enhanced relative to the same cells 
incubated at 37°C [41]. When human fibroblasts are kept at 
0°C for several hours, the cells show activation of HSF by 
incubation even at 37°C [42]. These findings suggest hat 
HSF does not sense temperature directly, but rather, it is 
the magnitude of the difference between growth and heat 
shock temperatures which influences the activation of HSF. 
Cellular events such as sudden resumption of active cell 
metabolism and the increased production of oxygen-free 
radicals may contribute to the activation of HSF [42]. 
Here, we showed that in FM3A and ts85 cells cultivated at 
37 and 33°C for at least one month HSF was not activated 
dependent on the differences between culture temperature 
and heat shock temperature. Furthermore, when protein 
synthesis of FM3A cells was inhibited by CHX, HSF was 
activated by heat shock to the same levels as in control 
cells, but the activated HSF was inactivated more rapidly 
than in control cells. The inhibition of protein synthesis by 
CHX may not rapidly increase the level of free HSP73 in 
FM3A cells, or increased level of free HSP73 may rather 
accelerate deactivation of the activated HSF [43]. These 
findings further support he idea that the cellular concen- 
tration of free HSP70 (HSP73) is largely influenced by 
protein synthetic ability of cells, thereby modulating the 
activation and inactivation of HSF. 
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